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Summary
Objectives: The objectives of this research were to determine whether the integrative repair of bovine cartilage explants was dependent on
developmental stage, and whether observed differences in integration with developmental stage were related to deposition of newly
synthesized collagen and lysyl oxidase-mediated collagen cross-linking.
Methods: Pairs of fetal, newborn calf, and adult bovine cartilage blocks were cultured in partial apposition for 2 weeks in medium
supplemented with serum, ascorbate, and [3H]proline. Following culture, mechanical integration between apposed cartilage blocks was
assessed by measuring adhesive strength in a single-lap shear configuration. Formation and stabilization of newly synthesized protein and
collagen was investigated by determination of [3H]proline and [3H]hydroxyproline in tissue digests and guanidine extracts.
Results: Calf cartilage exhibited a relatively high integrative repair phenotype, achieving an adhesive strength that was three–four-fold that
of adult or fetal specimens. The low and high integrative repair phenotypes appeared related in part to different levels of collagen
biosynthesis, which was ∼four–five-fold higher in calf cartilage samples than in the adult. However, fetal cartilage also exhibited a high level
of biosynthesis. The different integrative repair phenotypes were not associated with marked differences in the kinetics of chemical
stabilization of newly synthesized collagen, as the proportion of incorporated [3H]proline and newly-formed [3H]hydroxyproline that was
resistant to extraction by 4M guanidine-HCl following culture was similar for cartilage from all developmental stages. Integration of calf
cartilage appeared to depend on lysyl oxidase-mediated collagen cross-link formation, since inclusion of beta-aminopropionitrile (BAPN) in
the culture medium completely eliminated development of adhesive strength. BAPN treatment also increased the percentage of newly
synthesized protein in the guanidine extracts from 10% to 36% of the total, and that of newly synthesized collagen from 2% to 20%, while
having only slight inhibitory effects on overall protein and collagen biosynthesis.
Conclusion: The finding that cartilage exhibits enhanced integrative repair at a certain developmental stage suggests that it may ultimately
be possible to enhance repair when needed in clinical situations. © 2002 OsteoArthritis Research Society International
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Many orthopaedic conditions result in fissures or lacera-
tions of the articular cartilage. In conditions including osteo-
chondritis dissecans, osteochondral fracture, chondral
lesions, and osteoarthritis (OA) in both skeletally mature
and immature individuals, fissures or lacerations are
present and result in separated, but opposed, cartilage
surfaces1. Therapies for cartilage defects, including micro-
fracture2,3, implantation of osteochondral autografts or
allografts4–6, implantation of pre-formed cell-laden tissue
constructs7,8, and implantation of cells9 typically create
cartilage–cartilage interfaces at which repair is desirable.
Lacerations of articular cartilage may progress in the long-
term and ultimately lead to fibrillation and degeneration of
the surrounding tissue10.
The in vivo repair response to articular cartilage defects
appears to be dependent on developmental stage, being218generally inadequate in the adult and more vigorous in
the skeletally immature11. Adult articular cartilage has a
relatively sparse population of cells, and this may limit its
ability to undergo intrinsic repair in response to lacerations.
Furthermore, there is limited proliferation of the chondro-
cytes in the cartilage in the vicinity of a laceration12–14.
Indeed, young and adolescent rabbits exhibit a response to
experimental osteochondral defects that is more exuberant
than that of adult animals15,16. In fact, superficial cartilage
lacerations created in situ in fetal lambs were not
detectable histologically 28 days later, suggesting that such
cartilage wounds may heal completely17. However,
because the biochemical and biomechanical environment
is difficult to control or assess, it is troublesome to study
putative mechanisms and regulators of the differential
repair responses of cartilage at different developmental
stages in vivo.
In vitro studies have shown that limited integration can
occur across an interface, simulating a laceration, between
adult bovine cartilage explants18,19. The integrative repair
that occurs in adult bovine cartilage in vitro is associated
with collagen remodeling. The adhesive strength that
develops between apposed adult bovine cartilage explants
is correlated with deposition of newly synthesized colla-
gen20. In addition, such integration of adult cartilage can be
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Materials for tissue explant, culture and analysis were
obtained as described previously19,20,22.CARTILAGE EXPLANT PREPARATION
Articular cartilage blocks (8×2.5×0.25 mm3) and disks
(3 mm diameter×0.25 mm thick) were harvested from the
patellofemoral groove of third trimester fetal bovines, 1–3
week old calves, and 1–2 year old skeletally-mature adult
bovines. The gestational age of fetal specimens was
241±8.2 days (mean±S.E.M.) as determined from measure-
ments of tibial and femoral lengths26. Special care was
taken to prepare explants from the most superficial ∼1 mm
of the articular cartilage by first removing and discarding
the articular surface (in order to form a planar surface),
and then taking only the next three sequential 0.25 mm
cartilage slices to form blocks and disks.INTEGRATIVE REPAIR AND BIOSYNTHESIS IN FETAL, CALF, AND
ADULT BOVINE CARTILAGE
Samples were created by placing pairs of cartilage
blocks (from the same animal) in chambers that maintained
a 4 mm×2.5 mm area of tissue in apposition, over which
integrative repair could occur. These chambers were
essentially miniaturized versions of a previous design19.
Within an individual chamber, each sample was maintained
in position by placing on top of the pair of tissue blocks a
teflon tube (4 mm outer diameter×0.5 mm wall thickness,
5.5 mm tall) with channels at the cartilage surface. This
appeared to allow the free transport of medium compo-
nents to the top cartilage block, since the amount of
radiolabel incorporation was similar for top and bottom
blocks in each sample pair (only 4% different, P=0.18) in
fetal, calf, or adult samples, with no interaction (P=0.60).
Each chamber was inserted into a well of a 24-well tissue
culture plate, to which was added 750 L of medium
[DMEM supplemented with 20% fetal bovine serum (FBS),100 g/mL ascorbate, 0.1 mM nonessential amino acids,
0.4 mM L-proline, 2 mM L-glutamine, 10 mM HEPES,
100 U/ml of penicillin, 100 g/mL of streptomycin, and
0.25 g/mL of amphotericin B]. Medium was changed every
other day for the duration of the culture period. All samples
were maintained in a humidified 5% CO2–95% air incubator
at 37°C.
Two sets of experiments were conducted to assess the
time course and compare the extent of integrative repair in
cartilage from fetal, calf, and adult animals. In the first set
of experiments, the dependence on culture duration of
integrative repair and biosynthesis by cartilage explants
pairs from one fetus and one calf was analysed by main-
taining samples in culture for 7 or 14 days. During the first
6 (12) days of a 7 (14) day culture period, [3H]proline
(1 Ci/mL) was included in the medium. On day 6 (12) for
the 7 (14) day cultures, samples were washed with three
changes of medium over 2 h to remove unincorporated
radiolabel. Then, samples were maintained an additional 1
(2) day in medium without radiolabel before mechanical
testing and assessment of biosynthesis as described
below.
In the second set of experiments, sample pairs from fetal
(45 samples from 6 animals), calf (48 samples from 6
animals), and adult bovines (38 samples from 5 animals)
were cultured for 14 days, with radiolabeling as described
above.
After culture, mechanical integration of samples was
assessed by subjecting them to a single-lap shear test to
failure, as described previously19. Briefly, samples were
removed from the culture chambers and placed into spring-
loaded clamps, set to an initial clamp-to-clamp distance of
8 mm, on a DynaStat mechanical spectrometer (IMASS,
Hingham, MA, U.S.A.). These clamps were displaced at
0.5 mm/min while recording load. During testing, tissue
hydration was maintained by continuous irrigation with
phosphate-buffered saline (PBS). Since all specimens
tested in this manner failed via separation at the interface
between the two blocks, adhesive strength was determined
as the maximum force divided by the overlap area.
Displacement at failure was recorded at the point of maxi-
mum force generation. The energy imparted to the sample
during testing was calculated as the area under the load-
displacement curve. Structural stiffness was calculated as
the maximum force divided by the displacement at failure.
Samples that failed prior to mechanical testing due to lack
of integrative repair were assigned adhesive strengths and
fracture energies of 0 kPa and 0 J, respectively, and these
samples were excluded from analysis of displacement at
failure and structural stiffness.
Biosynthesis was assessed as the amount of [3H]proline
radiolabel incorporated into the tissue. After mechanical
testing, the separated tissue blocks were digested in a
solution of proteinase K19. Portions of each digest were
analysed for radioactivity by liquid scintillation counting
(RackBeta 1214; Wallac-LKB, Turku, Finland).RELATIONSHIP BETWEEN COLLAGEN METABOLISM AND
DEVELOPMENT-DEPENDENT INTEGRATIVE REPAIR
The next two sets of experiments were conducted to
assess and compare the extent of processing of newly
synthesized collagen in fetal, calf, and adult cartilage. In the
first experiment, pulse-chase cultures were performed to
assess the chemical extractability of newly synthesized
proteins labeled with [3H]proline for fetal, calf, and adultreduced by treatment with -aminopropionitrile (BAPN),
which inhibits collagen crosslinking21 while not affecting
overall biosynthesis of matrix components22.
The metabolism of cartilage explants varies markedly
with skeletal development. With development, the syn-
thesis rate of cartilage matrix components slows, while the
degradation rate increases23,24. The net result of the devel-
opmental processes of growth and remodeling is age-
related differences in the biochemical composition of the
articular cartilage25–28. However, it is unknown whether
differences in integrative repair are associated with the
age-related differences in matrix metabolism by cartilage.
The present study investigated the hypothesis that the
integrative repair occurring between articular cartilage
explants at different developmental stages in vitro is distinct
and related to collagen metabolism. The specific objectives
were (1) to characterize biomechanically the integrative
repair between pairs of fetal, calf, and adult bovine
articular cartilage explants, and (2) to determine if the
extent of integrative repair of cartilage at these develop-
mental stages is related to the overall deposition of newly
synthesized collagen and if accentuated repair is sensitive
to inhibition of lysyl oxidase-mediated formation of collagen
cross-links.
220 M. A. DiMicco et al.: Development and cartilage repaircartilage. For each of three animal knees in each age
group, cartilage disks from individual tissue slices were
distributed evenly into three experimental groups (four
disks per sample). Each sample was pulse-labeled by
incubation for 2 days in 140 L (∼20 tissue volumes) of
complete medium supplemented with [3H]proline (20 Ci/
mL). Afterwards, all samples were rinsed 6 times over 1 h
with 350 L (∼50 tissue volumes) of medium. Then, some
samples were terminated immediately following rinsing,
while others were cultured for an additional 4 or 12 days
before being terminated. Following termination, samples
were extracted with 150 L/sample (∼20 tissue volumes) of
a solution of 4 M guanidine HCl, 0.05 M sodium acetate,
and proteinase inhibitors at pH 7.0 for 48 h at 4°C on a
Nutator (Beckton-Dickinson, Sparks, MD, U.S.A.)22,29. The
extracts were collected, the tissue residue was rinsed for
10 minutes in PBS at 4°C, and the rinse solution was added
to the extract solution. The remaining tissue was then
solubilized with 150 L of proteinase K solution. Portions
of the tissue residue, tissue extract, and conditioned
medium were analysed for radioactivity by liquid scintilla-
tion counting. The percentage of overall radioactivity in
tissue residue, tissue extract, and medium fractions was
computed.
In the second experiment, the dependence of integrative
repair on collagen cross-link formation in cartilage from
calf and adult age groups was analysed using beta-
aminopropionitrile (BAPN), an inhibitor of lysyl oxidase-
mediated collagen cross-link formation21,22. Here, the
effects of BAPN on integrative repair as well as deposition
and metabolism of newly synthesized protein and collagen
were examined. Cartilage blocks from two calf and two
adult bovine animals were cultured in partial apposition for
14 days, and radiolabeled as described above. However, in
these samples, medium was supplemented with 0, 0.1 mM,
or 0.25 mM BAPN throughout the culture period. Following
mechanical testing, the separated tissue blocks were
extracted with a 4 M guanidine HCl solution (as above) and
then the tissue residue was solubilized with proteinase K.
The tissue residues and extract solutions were analysed for
[3H]radioactivity. In addition, the medium was analysed for
newly synthesized protein, in the form of [3H] labeled
macromolecules, by chromatography on PD-10 columns30.
To more specifically assess collagen synthesis, portions of
the tissue residue, tissue extract, and medium were pooled
for each animal, hydrolysed, and analysed for [3H]hydroxy-
proline31, and the percentage data used to calculate the
[3H]hydroxyproline content of fractions of individual
samples. The percentage of [3H]-radioactivity in the form
of collagen was calculated as the percentage of radio-
activity in hydroxyproline multiplied by 2.2, reflecting the
1:1.2 molar ratio of hydroxyproline:proline in bovine type II
collagen32.STATISTICAL ANALYSIS
All data are expressed as mean±S.E.M. For integration
studies with two or more animals per age group, mechan-
ical and biosynthesis data were analysed by one-way
nested ANOVA to assess differences between experi-
mental age groups. For pulse-chase and BAPN treat-
ment studies, the data describing percentages of radiolabel
in various compartments were arcsine-transformed to
improve normality33 before assessing the effects of devel-
opmental stage and either chase time by two-way ANOVA.In BAPN studies where total [3H]proline or [3H]hydroxypro-
line contents were described, the effect of BAPN treatment
was assessed by one-way ANOVA for calf and for adult.
Where significant differences between groups were noted
by ANOVA, further comparisons were performed by Tukey
post-hoc testing.Results0
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Fig. 1. Effect of culture duration on integrative repair and biosyn-
thesis in fetal and calf articular cartilage. Pairs of cartilage explants
harvested from bovine fetal and calf patellofemoral grooves were
cultured in apposition for 7 or 14 days. (a) Adhesive strength and
(b) [3H]proline incorporation. Each group is N=10 samples from
one animal. Results of statistical comparisons of the groups under
the horizontal bar indicated by *** are P<0.001.INTEGRATIVE REPAIR AND BIOSYNTHESIS IN FETAL, CALF, AND
ADULT BOVINE CARTILAGE
With increasing culture duration (between 7 and 14 days
of culture), both adhesive strength and [3H]proline incor-
poration increased for sample pairs of fetal cartilage, as
well as sample pairs of calf cartilage. Adhesive strength
increased three-fold for both fetal cartilage and calf
cartilage sample pairs [each, P<0.001, Fig. 1(a)]. In parallel
to this, the level of incorporated [3H]proline increased ∼two
to three-fold in fetal and calf cartilage samples [each
P<0.001, Fig. 1(b)].
Osteoarthritis and Cartilage Vol. 10, No. 3 221The extent of integration, measured as adhesive
strength between cartilage sample pairs incubated for 2
weeks, varied significantly (P<0.001) between fetal, calf,
and adult cartilage samples [Fig. 2(a)]. Calf articular carti-
lage sample pairs exhibited the highest adhesive strength,
77±8 kPa, which was 3–4 times higher than that of fetal
and adult cartilage sample pairs (each P<0.001). There
was no significant difference in adhesive strength between
fetal and adult samples (P=0.79). Other biomechanical
indices of integration also showed differences among fetal,
calf, and adult samples. The fracture energy necessary to
separate the adherent sample pairs was significantly
greater (more than six-fold) for calf samples (1430±335 J)
than for fetal (210±57 J, P<0.05) or adult samples (272±
147 J, P<0.05). Likewise, the structural stiffness was
more than three-fold greater in calf samples (4.1±
0.1×10−3 N/m) than in fetal (1.3±0.2×10−3 N/m) or adult
(1.4±0.1×10−3 N/m) samples (each, P<0.001). The dis-
placement at failure was similar in the adult and calf
cartilage (2.3±0.3 mm and 2.1±0.3 mm, respectively, P=
0.92), and high compared to that for fetal cartilage
(1.0±0.3 mm, each P<0.05).
The level of [3H]proline incorporation [Fig. 2(b)] also
varied significantly (P<0.001) between fetal, calf, and adultcartilage, but with a different pattern of age dependence.
Both fetal and calf cartilage exhibited markedly (∼four–five-
fold) higher levels of [3H]proline incorporation than adult
articular cartilage (each, P<0.001). In addition, fetal carti-
lage incorporated slightly (18%) more [3H]proline than did
calf cartilage (P<0.01). Thus, while calf cartilage exhibited
higher levels of both biosynthesis and adhesive strength
than adult cartilage, fetal cartilage exhibited a higher level
of biosynthesis than adult cartilage, but not adhesive
strength [Fig. 2(a),(b)].0
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Fig. 2. Effect of developmental stage on integrative cartilage repair
and biosynthesis. Pairs of articular cartilage explants from fetal,
calf, and adult bovines were cultured in apposition for 14 days
(fetal, N=45 from six animals; calf, N=48 from six animals; adult,
N=38 from five animals). (a) Adhesive strength and (b) [3H]proline
incorporation. **P<0.01, ***P<0.001.0
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Fig. 3. Effect of developmental stage and chase time on the
extractability of incorporated [3H]proline. Fetal, calf, and adult
cartilage were radiolabeled with [3H]proline for 2 days, then cul-
tured for an additional 0, 4, or 12-day chase period. Cartilage was
extracted with 4 M guanidine HCl with protease inhibitors, and the
extract ( ), tissue residue ( ), and chase medium ( ) were
analysed for radioactivity. For each age group, cartilage from three
animals was used for each chase condition. Error bars indicate
standard errors of each portion (tissue residue, extract, and
medium).COLLAGEN METABOLISM AND DEVELOPMENT-DEPENDENT
INTEGRATIVE REPAIR
It was possible that the relationship between adhesive
strength and incorporated [3H]proline was complicated by
differences in the processing of secreted [3H]matrix con-
stituents. Pulse-chase studies with [3H]proline examined
the time course and efficiency of maturation of newly
synthesized protein for fetal, calf, and adult cartilage. Since
the level of total incorporated [3H]proline (i.e., in residue,
extract, and also collected medium for chased samples) for
all samples of a developmental group was independent of
chase time (within 10% of the average for fetal, calf, and
adult groups, with P=0.76), the data were described by the
percent of radiolabel in the residue, extract, and chase
medium at various chase times (Fig. 3).
The portion of incorporated radiolabel that remained in
the tissue residue after extraction averaged 53% for all
experimental groups, being independent of chase time
(P=0.48) and developmental stage (P=0.83), and without
an interactive effect (P=0.96).
The portion of radiolabel that was extracted from the
tissue depended markedly on the chase time (P<0.001)
and slightly on developmental stage (P<0.05), without an
interaction effect (P=0.16). In particular, the portion
extracted over all developmental stages was 48% immedi-
ately after labeling and fell (each, P<0.001) to 19% and 9%
222 M. A. DiMicco et al.: Development and cartilage repairafter 4 days and 12 days of chase, respectively. With
advancing developmental stage, the extractability of incor-
porated [3H]proline decreased slightly; this was particularly
apparent after 4 days of chase, where the portion of
radiolabel extracted was 19% in fetal samples and 11%
and 9% for calf and adult samples, respectively (each,
P<0.001).
The portion of radiolabel lost into the medium depended
on the chase duration (P<0.01) but not on developmental
stage (P=0.21), with no interaction effect (P=0.16). In
particular, the portion lost into the medium increased from
33% after 4 days of chase to 41% after 12 days chase, over
all developmental stages. The loss into the medium during
4 days of chase was 27% for fetal cartilage, 35% for calf
cartilage, and 36% for adult cartilage.
Since calf cartilage showed a high degree of integrative
repair and biosynthesis compared to adult tissue [Fig.
2(a),(b)], the roles of collagen cross-linking in develop-
ment of adhesive strength and collagen maturation were
assessed and compared in the calf and adult using BAPN.
BAPN treatment had a marked effect on adhesive strength,
both in the adult and in the calf (P<0.001). Compared to
untreated controls, both 0.1 mM and 0.25 mM BAPN
affected the development of adhesive strength [P<0.001 for
each dosage, Fig. 4(a)], with either level causing an almost
complete inhibition of integrative repair in sample pairs of
both calf (0±0 kPa) and adult (0.2±0.2 kPa) age groups.
In these same samples, protein synthesis ([3H]macro-
molecules in the medium plus [3H]radioactivity in the
extract and tissue residue) was assessed [Fig. 4(b)]. In the
adult samples, biosynthesis was not affected by BAPN
treatment (ANOVA P=0.32). In calf samples, however,
overall biosynthesis was affected (ANOVA P<0.005), being
reduced slightly but significantly using 0.1 mM BAPN treat-
ment (−37%, P<0.001), but not significantly lower for
0.25 mM. For both age groups, BAPN treatment caused a
reduction (−12 to −37%) in [3H]radioactivity in the tissue
residue (ANOVA: calf P<0.001 and adult P<0.01) and an
increase (88 to 122%) in [3H]radioactivity in the extract
(ANOVA: calf P<0.001 and adult P<0.05). Treatment of
adult tissue with 0.1 mM BAPN slightly reduced (−4 to
−14%) macromolecular [3H]radioactivity in the culture
medium (P<0.005), but did not significantly affect that of the
calf samples (P=0.16).
Analyses of portions of tissue residues, extracts, and
culture media for [3H]hydroxyproline indicated that most of
the incorporated radioactivity was in collagen molecules
(79–90% in calf cartilage and 64–76% in adult cartilage).
Thus, there was a generally similar pattern of the effect of
BAPN treatment on overall protein [Fig. 4(b)] as well as
collagen biosynthesis and deposition [Fig. 5(a)].
Since the calf and adult samples had different over-
all [3H]hydroxyproline radioactivity, the [3H]hydroxyproline
contents of each fraction (tissue residue, extract, and
medium) were expressed as proportions of the total
[3H]hydroxyproline in each sample [Fig. 5(b)]. In the tissue
residue, treatment with BAPN at both 0.1 and 0.25 mM
caused a significant decrease (each, P<0.001) in the
proportion of [3H]hydroxyproline, both in the calf (from
36±4% without BAPN to 6±1% and 13±2% with 0.1 and
0.25 mM BAPN, respectively) and in the adult (from
24±6% without BAPN to 9±3% and 5±0.4% with 0.1 and
0.25 mM BAPN, respectively). The proportion of extract-
able [3H]hydroxyproline was significantly increased with
either 0.1 or 0.25 mM BAPN treatment (each, P<0.001) in
both the calf (from 2±0.1% without BAPN to 19±1% and
24±5% with 0.1 and 0.25 mM BAPN, respectively) and inthe adult (from 1±0.1% without BAPN to 13±7% and 9±2%
with 0.1 and 0.25 mM BAPN, respectively). The proportion
of [3H]hydroxyproline released into the calf culture medium
was increased significantly by treatment with 0.1 mM
BAPN (P<0.01; from 62±2% to 75±2%), but not by
0.25 mM BAPN (P=0.85). The proportion of total [3H]hy-
droxyproline released into the culture medium of adult
samples was increased significantly by treatment with
0.25 mM BAPN (P<0.05; from 76±3% to 86±2%), but was
not affected by treatment with 0.1 mM BAPN (P=0.78)Discussion
This study examined and compared the integrative
repair characteristics of bovine cartilage of various devel-
opmental stages, and in relationship to collagen metab-
olism. Fetal and calf cartilage showed a time-dependent
increase in adhesive strength (Fig. 1). After a 2-week
culture period, a biomechanical index of integrative repair
[Fig. 2(a)] in calf cartilage was 3–4 times higher than that
in adult or fetal cartilage. However, this development-
associated difference in cartilage repair was not simply
related to different levels of matrix synthesis since incorpor-
ation of [3H]proline was relatively high in both fetal and calf
cartilage compared to adult cartilage [Fig. 2(b)]. In addition,
this difference was not due to marked differences in the
efficiency or kinetics of incorporation of [3H]proline into
chemically stabilized molecules, such as collagen fibrils,
resistant to guanidine extraction (Fig. 3). On the other
hand, the observed high level of integrative repair in the calf
cartilage did appear to depend absolutely on collagen
cross-link formation, since treatment with BAPN inhibited
the development of adhesive strength virtually completely
[Fig. 4(a)], while only mildly affecting the overall level of
incorporation of [3H]proline [Fig. 4(b)] and the formation of
[3H]hydroxyproline [Fig. 5(a)], indicative of collagen syn-
thesis. Consistent with the known effect of BAPN on lysyl
oxidase, the BAPN-treated calf and adult cartilage showed
a decreased efficiency of chemical stabilization of the
incorporated [3H]proline [Fig. 4(b)] and [3H]hydroxyproline
(Fig. 5). Taken together, these results indicate that matura-
tion of newly synthesized collagen into a form with integra-
tive biomechanical function is markedly altered during
bovine development, from a low level in the fetus, to a high
level in the newborn calf, then back to a low level in the
adult, and that the high level of biomechanical integration
in the calf involves lysyl oxidase-mediated collagen
cross-linking.
The effects of developmental stage on integrative carti-
lage repair have not been studied extensively or compared
directly in prior studies. To conduct the current comparative
study in vitro with samples of similar geometry from differ-
ent developmental stages, including third-trimester fetus, it
was necessary to miniaturize the integration assay19, and
this necessitated a method of tissue preparation that was
somewhat different than that used previously. In particular,
the current study used cartilage blocks that were thinner
(0.25 mm vs 0.5 mm) and narrower (2.5 mm vs 5 mm) than
those used in previous studies19,22. In addition, the sample
pairs were held in apposition by a hollow tube instead of a
porous platen. The small sample geometry and associated
diffusion distances in the current study are likely to have
allowed for enhanced transport into and out from the
cartilage tissue.
The cartilage blocks were also taken from a region near
the articular surface. The use of cartilage samples within
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Fig. 5. Effect of BAPN on [3H]hydroxyproline formation and extract-
bility in calf and adult articular cartilage. Samples were radio-
abeled for 12 days, then extracted with 4 M guanidine HCl, and
he residue digested with proteinase K. The tissue residues,
xtracts, and culture media were hydrolysed and analysed for
3H]hydroxyproline. (a) [3H]hydroxyproline CPM and (b) distribution
f [3H]hydroxyproline in tissue ( ), extract ( ), and medium ( ).
or each age group, N=8 samples from two animals were
analysed.∼1 mm from the articular surface was slightly different than
in our previous studies, where calf cartilage samples to a
depth of ∼2.5 mm were used19. Chondrocytes located
within or isolated from tissue at different depths from the
articular surface of cartilage are known to behave dis-
tinctly34,35. In both the calf and the fetus, the region of
cartilage relatively far from the articular surface is more
vascular, and is destined to calcify and form bone rather
than articular cartilage. Although we did not analyse the
variation in integrative repair between 0.25 mm thick
explants taken from successive layers within 1 mm of the
articular surface in the current study, it is likely that cartilage
tissue in this region undergoes integrative repair to a
different extent, and through different mechanisms, than
does tissue from deeper regions.
It would have been interesting to examine integrative
repair by fetal cartilage from developmental stages earlier
than the third trimester (e.g., mid-gestation, middle of the
second trimester) where cartilage repair was previously
noted in vivo17. However, this would have been difficult to
study using the current experimental approach because of
the limited surface area of articular cartilage in the joints
from fetal animals. Also, articular cartilage may not exhibit
such a difference during prenatal development, as previous
studies have shown that the composition of bovine articular
cartilage changes slowly up to the third trimester before
undergoing more marked changes in the post-natal
period26,36.The extent of integrative repair, quantified as adhesive
strength in the current study, is generally consistent with
previous studies. The adhesive strengths measured for
adult cartilage in the absence or presence of BAPN (i.e.,
∼30 kPa and 0 kPa, respectively) are consistent with
values determined previously19,22. In a recent preliminary
report, it was noted that a vertical interface between a
central cylinder and surrounding disk of calf cartilage
does exhibit integrative repair after culture for 4 weeks37.
Other studies have achieved somewhat similar adhesive
strengths after cell-mediated cartilage integration38,39.
However, the culture and mechanical testing configurations
used in these studies were quite different than those used
here, and this makes it difficult to directly compare the
adhesive strength values38,39.
The characterization of the synthesis and maturation
of protein and collagen in cartilage explants at different
developmental stages (Figs 3–5) extends the findings of
previous studies. Biosynthesis, assessed by uptake of
radiolabeled amino acids or sulfate, is generally greater
in fetal and calf cartilage explants than in adult bovine
cartilage explants23,40,41. Most (>66%) of the incorporated
[3H]proline is processed into collagen (as assessed by
quantitation of [3H]hydroxyproline residues). Further, most
of the [3H]proline and collagenous [3H]hydroxyproline
incorporated into fetal, calf, and/or adult tissue was resist-
ant to 4 M guanidine extraction (Fig. 3), but became
224 M. A. DiMicco et al.: Development and cartilage repairsusceptible to extraction after BAPN treatment during cul-
ture (Fig. 5), consistent with an inhibition of cross-link
stabilization of newly synthesized collagen. The effective-
ness of both doses of BAPN (0.1 mM and 0.25 mM) in
enhancing extractability as well as in blocking integrative
repair in calf and adult cartilage is consistent with the
3–5 M concentration42 needed to block lysyl oxidase
activity in solution. The lack of overall metabolic effect of
these levels of BAPN on biosynthesis in adult cartilage is
consistent with previous studies22, while the slight inhibi-
tory effect on calf cartilage may be due to a variety of
factors, including enhanced transport in immature cartilage
due to its relatively high water content43.
It is interesting that fetal cartilage exhibits reduced inte-
gration compared to calf cartilage, even though both
appear to have similar levels of collagen deposition and
stabilization. One possible explanation for this are subtle
differences in the metabolism of the chondrocytes of fetal
and calf cartilage. Biosynthetic differences may be a result
of differential responses of pre- and post-natal chondro-
cytes to stimulation by growth factors and hormones, such
as those present in the serum component of the culture
medium44. It may be that optimal integration can be
achieved by modulating the concentrations of these factors
separately for each developmental stage. Another possible
explanation is that the cartilage matrix during fetal
development is less amenable to integration processes.
For example, the content and structure of the collagen
network evolve during development45,46 and a high content
of certain molecules of connective tissues (e.g., small
proteoglycans) may inhibit collagen fibril fusion47.
The different integration phenotypes exhibited by fetal,
newborn calf, and adult cartilage may ultimately have
certain practical implications. Cartilage with the integration
phenotype of a newborn may be better suited for tissue
grafting (e.g., osteochondral allografts) than cartilage with a
more mature phenotype. By analogy, if cartilage constructs
engineered for implantation into cartilage defects exhibit
a better integration phenotype when synthesized from
‘young’ chondrocytes than ‘mature’ chondrocytes37,48,
such constructs may help to overcome the problem of graft
attachment to the host. On the other hand, the poor
integration results from the fetal cartilage suggest that
immature tissue may have a poor propensity for integration
to surrounding cartilage of the host. In an implantation
situation, however, the interface would reside between
immature and mature cartilage, rather than similar types
of cartilage. Ultimately, if the factors responsible for the
different integration phenotypes between fetal, calf, and
adult cartilage can be identified, strategies to enhance
integration by reducing inhibitory factors or by increasing
promoting factors might be applied to clinical situations.Acknowledgments
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